Oxidative stress plays pivotal roles in aging, neurodegenerative disease, and pathological conditions such as ischemia. We investigated the effect of sulforaphane and 6-(methysulfinyl) hexyl isothiocyanate (6-HITC), a naturally occurring isothiocyanate, on oxidative stressinduced cytotoxicity using primary neuronal cultures of rat striatum. Pretreatment with sulforaphane and 6-HITC significantly protected against H 2 O 2 -and paraquat-induced cytotoxicity in a concentration-dependent manner. Sulforaphane and 6-HITC induced the translocation of nuclear factor E2-related factor 2 (Nrf2) into the nucleus and increased the expression of γ-glutamylcysteine synthetase (γ-GCS), a rate-limiting enzyme in glutathione synthesis, and the intracellular glutathione content. Treatment with reduced glutathione (GSH) and N-acetyl-L-cysteine, a substance for glutathione synthesis, significantly prevented the cytotoxicity induced by H 2 O 2 and paraquat. Moreover, exposure to L-buthionine-sulfoximine, an irreversible inhibitor of γ-GCS, suppressed the protective effects of sulforaphane and 6-HITC. In contrast, sulforaphane and 6-HITC increased heme oxygenase-1 (HO-1) expression in neurons. However, zinc-protophorphyrin IX, a competitive inhibitor of HO-1, did not influence the protective effects of sulforaphane and 6-HITC. These results suggest that sulforaphane and 6-HITC prevent oxidative stress-induced cytotoxicity in rat striatal cultures by raising the intracellular glutathione content via an increase in γ-GCS expression induced by the activation of the Nrf2-antioxidant response element pathway.
Introduction
Oxidative stress has been implicated in aging and the pathogenesis of various neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, and Huntington's disease. Oxidative stress results in an imbalance of pro-oxidant/antioxidant homeostasis that leads to the generation of reactive oxygen species (ROS), which are highly toxic to cells. The brain is particularly susceptible to the damage by ROS because of its high metabolic rate and relatively reduced capacity for restoration compared with other organs (1 -4) . The antioxidant-response element (ARE) is a cis-acting DNA element essential for transcriptional activation of phase-II genes such as those encoding UDP-glucuronosyl transferase and glutathione-S-transferase and the genes for antioxidants such as NADPH: quinone reductase and heme oxygenase-1 (HO-1). The activation of ARE is dependent on the translocation of nuclear factor E2-related factor 2 (Nrf2) into the nucleus through its release from kelch-like ECH-associated protein 1 (Keap1), the cytoplasmic repressor of Nrf2. Nrf2 binds to ARE in the nucleus and promotes the transactivation of the AREcoded genes (5, 6) .
Isothiocyanates are contained in cruciferous vegetables such as broccoli, Brussel sprouts, cauliflower, and cabbage. Sulforaphane, which is found at high levels in broccoli sprouts and broccoli (7) , and 6-(methylsulfinyl) hexyl isothiocyanate (6-HITC), which is contained in wasabi (8) , are naturally occurring isothiocyanates. All these compounds have an isothiocyanate group (NCS) ( Fig. 1: A, B ). Sulforaphane and 6-HITC are known to be potent Nrf2 activators and exhibit anti-oxidative and anti-carcinogenic effects via the up-regulation of AREdriven genes (9 -12) .
Isothiocyanates have beneficial effects in various types of cells derived from peripheral tissues. Moreover, several studies have reported that sulforaphane has protective effects on neurons of the central nervous system (13 -15) . However, there are few studies on the detailed mechanism of neuroprotective effects of isothiocyanates in the central nervous system. In the present study, we examined the effects of sulforaphane and 6-HITC on oxidative stress-induced cytotoxicity using primary neuronal cultures of rat striatum.
Materials and Methods

Drugs and chemicals
Eagle's minimum essential medium (Eagle's MEM) was purchased from Nissui Pharmaceutical (Tokyo). Fetal bovine serum was purchased from JRH Bioscience (Lenexa, KS, USA). Sulforaphane and 6-HITC were obtained from LKT Laboratory (St. Paul, MN, USA).
5,5′-Dithiobis-(2-nitrobenzonic acid) (DTNB), NADPH, dimethylsufoxide, glucose, glutamine, HEPES, and NaHCO 3 were from Nacalai Tesque (Kyoto). L-Buthionine-[S,R]-sulfoximine (BSO), N-acethyl-L-cysteine (NAC), and 1.1′-dimethyl-4,4′-bipyridinium dichloride (paraquat) were obtained from Sigma (St. Louis, MO, USA). Reduced glutathione (GSH) and hydrogen peroxide (H 2 O 2 ) were from Wako Pure Chemicals (Osaka). Zinc-protoporphyrin IX (Zn-PP IX) was obtained from Calbiochem (San Diego, CA, USA). Glutathione reductase was from Roche Diagnostics (Basel, Switzerland). The cytotoxicity detection lactate dehydrogenase (LDH) kit was purchased from Kyokuto Pharmaceutical Industrial Corp. (Tokyo).
Cell culture
The animals were treated in accordance with the guidelines of the Kyoto University animal experimentation committee and the guidelines of The Japanese Pharmacological Society. Primary cultures were prepared from the anterior striatum of fetal Wistar rats (Nihon SLC, Shizuoka) at the 17th -19th days of gestation, according to previously described procedures (16) . Briefly, the anterior striatum of fetal rats was removed bilaterally, mechanically dissociated using scalpel blades, and then filtered through a stainless steel mesh. Single-cell suspensions were placed on 0.1% polyethylenimine-coated 24-well plates (Falcon, Franklin Lakes, NJ, USA) or 35-mm dishes at a density of 4.0 -4.1 × 10 5 cells/cm 2 . Cultures were maintained in Eagle's MEM supplemented with 10% heat-inactivated fetal bovine serum, glutamine (2 mM), glucose (total 11 mM), NaHCO 3 (24 mM), and HEPES (10 mM) at 37°C in a humidified atmosphere of 5% CO 2 and 95% air.
Drug treatment
Cultures were used at 3 -5 DIV for this study. At 3 days after plating, cultures were incubated in the presence or absence of sulforaphane, 6-HITC, GSH, NAC, or BSO for 24 h. Cultures were exposed to paraquat or H 2 O 2 for 24 h at 4 DIV. After drug treatment, cell viability was determined with a LDH release assay. In each experiment, cells in four wells received drug treatment to obtain the mean ± S.E.M. of cell viability. The reproducibility of the results was confirmed with at least three sets of experiments.
LDH release assay
Cell viability was assessed by measuring the amount of LDH released into the culture medium using a Cytotoxicity Detection LDH kit as described previously (16) . Briefly, the culture supernatant was added to the LDH substrate mixture. After incubation at 37°C, the reaction was stopped by adding 1 N HCl and the absorbance was measured at 570 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). The reading of background absorbance, consisting of culture medium and each drug in the absence of cells, was subtracted from each value. Cell viability was evaluated relative to the total amount of LDH released by exposure to 1 mM H 2 O 2 for 24 h.
Measurement of glutathione content
Total glutathione (reduced and oxidized glutathione) content was measured according to the methods described previously (17) . Briefly, cultures were washed with Trisbuffered saline on ice and then deproteinated with 10% trichloroacetic acid. Samples were centrifuged, and the supernatant was mixed with 200 mM phosphate-buffered saline, 0.5 mM EDTA, and 0.4 mM NADPH. Glutathione reductase was added and incubated for 10 min. Subsequently, the reaction was initiated by adding 10 mM DTNB and the mixures were incubated for 10 min. The absorbance was measured at 450 nm with a microplate reader. Total glutathione content was determined with a standard curve obtained from defined concentrations of reduced glutathione.
Preparation of the nuclear extract
To obtain nuclear proteins, striatal cells were washed with cold Tris-buffered saline on ice, resuspended in a 10 mM HEPES (pH 7.9) buffer containing 10 mM KCl, 0.1 mM EGTA, 0.5% Nonidet P-40, 1 mM vanadate, 1% aprotinin, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride and incubated on ice for 15 min. After centrifugation at 3,000 rpm for 5 min, the resulting nuclear pellet was resuspended in 20 mM HEPES (pH 7.9) containing 420 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride; extracted on ice for 30 min; and centrifuged at 14,000 rpm for 10 min. The supernatant was collected as the nuclear extract.
Western blot analysis
After treatment with drugs for the indicated periods, cells were washed twice with cold Tris-buffered saline on ice and harvested using a cell scraper. Cells were lysed in a 20 mM Tris buffer (pH 7) containing 25 mM β-glycerophosphate, 2 mM EGTA, 1% Triton X-100, 1 mM vanadate, 1% aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 2 mM dithiothreitol. The lysate was centrifuged at 15,000 rpm for 30 min, and the supernatant was denatured by boiling for 5 min. Aliquots of protein were loaded on a sodium dodecyl sulfate-polyacrylamide gel, separated electrophoretically, and transferred to a polyvinylidene fluoride microporous membrane (Millipore, Corp., Bedford, MA, USA). After blocking with non-fat milk, the membrane was incubated with primary antibodies [anti-γ-gultamylcysteine synthetase (γ-GCS), antiheme oxygenase-1 (HO-1), anti-lamin B (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-Nrf2 (Cell Signaling Technology, Inc., Danvers, MA, USA), and anti-β-actin (Sigma)] and with a secondary antibody. Immunodetection was performed using the ECL Western blotting detecting system (Amersham Biosciences UK Ltd., Buckinghamshire, UK).
Immunocytochemistry
After drug treatment, cells were fixed with phosphatebuffered saline (PBS) containing 4% paraformaldehyde for 15 min at room temperature, washed three times with PBS, and blocked with 0.2% Triton X-100 in PBS for 30 min. Cultures were incubated at 4°C overnight with the primary antibodies [anti-microtubule-associated protein (2a+2b) (MAP2ab) (Sigma), and anti-HO-1 antibody]. After three rinses with PBS, the cultures were incubated for 90 min at room temperature with secondary antibodies diluted in 0.2% Triton X-100 in PBS: Alexa Flour 488-labeled goat anti-mouse IgG (H+L) (Molecular Probes, Eugene, OR, USA) and Alexa Flour 594-labeled goat anti-rabbit IgG (H+L) (Molecular Probes). Immnofluorescence was visualized with a fluorescence microscope (Leica, Wetzlar, Germany).
Statistical analyses
Data were expressed as the mean ± S.E.M. The reproducibility of the results was confirmed in at least three different sets of experiments. All statistical analyses were performed with GraphPad Instat version 3.0 (GraphPad Software, Inc., San Diego, CA, USA). The statistical significance of the difference between groups was calculated by a one-way analysis of variance and post hoc multiple comparison using Dunnett's test. A difference was considered significant at P < 0.05.
Results
Effects of sulforaphane and 6-HITC on viability of rat striatal cultures
We examined whether sulforaphane and 6-HITC affect the survival of rat striatal cultures. The viability of striatal cultures was not affected by treatment with sulforaphane at 0.01 -1 μM or 6-HITC at 0.01 -1 μM for 48 h. However, sulforaphane and 6-HITC at concentrations of more than 10 μM caused cell death ( Fig. 1: C, D) .
Effects of sulforaphane and 6-HITC on oxidative stressinduced cytotoxicity in rat striatal cultures
We examined the effect of sulforaphane and 6-HITC on oxidative stress-induced cytotoxicity. In this experi- (Fig. 2) . Sulforaphane (0.01 -1 μM) and 6-HITC (0.01 -1 μM) administered for 24 h before exposure to the toxic agents, significantly attenuated the cytotoxicity induced by paraquat (200 μM) and H 2 O 2 (30 μM) in a concentrationdependent manner (Fig. 2: A -D) . However, co-application of sulforaphane and 6-HITC with paraquat and H 2 O 2 for 24 h did not affect the cytotoxicity (data not shown).
Sulforaphane and 6-HITC induce the translocation of Nrf2 into the nucleus
Several lines of evidence indicate that isothiocyanates stimulate the translocation of Nrf2, a member of the basic leusine zipper transcription factor family, into the nucleus, and then enhances the transactivation of ARE-encoded genes (8, 20, 21) . To investigate the neuroprotective mechanisms of sulforaphane and 6-HITC, we examined the effect of sulforaphane and 6-HITC on the translocation of Nrf2 into the nucleus. As shown in Fig. 3A , sulforaphane increased the amount of Nrf2 after 0.5 h in the nuclear fraction. Exposure to 6-HITC also stimulated a translocation of Nrf2 into the nucleus after 1 h (Fig.  3B ).
Sulforaphane and 6-HITC stimulated the expression of γ-GCS and increased glutathione contents in striatal cultures
The tripeptide glutathione is the most abundant thiol present in mammalian cells and is important for cellular defense against ROS as an antioxidant (22, 23) . It has been reported that γ-GCS is activated by the binding of Nrf2 to the ARE (5, 20) . To determine the neuroprotective mechanism of sulforaphane and 6-HITC against oxidative stress, we examined the effect on the expression of γ-GCS by western blotting. After treatment with sulforaphane (0.01 -10 μM) and 6-HITC (0.01 -10 μM), the expression level of γ-GCS was increased in a concentration-dependent manner (Fig. 4A) . We next examined whether sulforaphane and 6-HITC increase the amount of intracellular glutathione. Exposure to 1 μM sulforaphane and 1 μM 6-HITC significantly increased the total glutathione (reduced and oxidized glutathione) content (Fig. 4: B, C) .
Involvement of glutathione in cytoprotection by sulforaphane and 6-HITC against oxidative stress
As sulforaphane and 6-HITC increased the amount of glutathione in a time-dependent manner, we investigated the involvement of glutathione in the cytoprotection by sulforaphane and 6-HITC. The administration of GSH at 30 -300 μM for 24 h before exposure to H 2 O 2 or paraquat significantly attenuated cytotoxicity in a concentrationdependent manner (Fig. 5: A, C) . Furthermore, pretreat- ment with NAC (30 -300 μM), a precursor for glutathione synthesis, for 24 h significantly blocked the cytotoxicity induced by H 2 O 2 and paraquat ( Fig. 5: B, D) . We next examined the effect of BSO, an irreversible inhibitor of γ-GCS, on cytoprotection by sulforaphane and 6-HITC. The co-administration of 0.1 μM BSO significantly suppressed the protective effects of sulforaphane and 6-HITC (Fig. 5: E, F) . In addition, 0.1 μM BSO suppressed the intracellular glutathione content increased by sulforaphane and 6-HITC (Fig. 5G ).
Sulforaphane and 6-HITC increase the expression of HO-1 in neurons
Previous studies have demonstrated that HO-1 expression is up-regulated via the activation of the Nrf2-ARE pathway (5, 24, 25) . We next examined whether sulforaphane and 6-HITC increase the expression of HO-1 in primary striatal cultures. As shown in Fig. 6: A HO-1, cycloheximide, an inhibitor of cytoplasmic protein synthesis, was simultaneously applied with sulforaphane and 6-HITC. Cycloheximide (0.01 -1 μM) reduced HO-1 expression induced by sulforaphane and 6-HITC in a concentration-dependent manner (Fig. 6: C, D) . Furthermore, to identify the type of cells that increased the expression of HO-1 by sulforaphane and 6-HITC, we employed immunofluorescence staining with antiMAP2ab, a neuronal marker protein, and anti-GFAP, a marker of astrocytes. Exposure to sulforaphane or 6-HITC increased the number of HO-1-positive neurons, but did not affect the number of HO-1-positive astrocytes (Fig. 6E) .
HO-1 plays no role in the cytoprotection provided by sulforaphane and 6-HITC
HO-1 oxidatively cleaves heme to biliverdin, forms CO, and releases chelated Fe
2+
. Bilirubin, the reduction product of biliverdin, serves as a potent radical scavenger and protects against oxidative stress at nanomolar concentrations (24, 26, 27) . As sulforaphane and 6-HITC increased the expression of HO-1 in striatal cultures, we investigated the involvement of HO-1 in the neuroprotective effects. Zn-PP IX, a competitive HO-1 inhibitor, did not influence the protective effects of sulforaphane and 6-HITC on paraquat-induced cytotoxicity (Fig. 7: A, B) . Furthermore, we examined the effect of bilirubin on oxidative stress. Bilirubin (10 -100 nM) did not affect H 2 O 2 -or paraquat-induced cytotoxicity (Fig. 7: C, D) .
Discussion
In the present study, we first examined the effect of isothiocyanates on the viability of rat striatal cultures. As shown in Fig. 1 , sulforaphane and 6-HITC caused cell death at concentrations above 10 μM. These results are consistent with reports that isothiocyanates at high concentrations induced cell death in various types of cells (28) . As a mechanism of cytotoxicity, isothiocyanates induced apoptosis by generating ROS and activating both intrinsic and extrinsic caspase cascades (29, 30) . In our cultures, pretreatment with 0.01 -1 μM sulforaphane or 0.01 -1 μM 6-HITC attenuated the cytotoxicity induced by H 2 O 2 and paraquat (Fig. 2) , whereas the co-application of sulforaphane and 6-HITC had no effect (data not shown). These results suggest that sulforaphane and 6-HITC activate intracellular defense systems against oxidative stress including the Nrf2-ARE pathway.
Nrf2, a member of the Cap'n' Collar family of basic leucine zipper proteins, was identified as a key transcription factor for ARE, a cis-regulating DNA sequence located in the promoter region of anti-oxidant enzymes and phase-II detoxifying enzymes (5) . Under basal conditions, Nrf2 is retained in the cytoplasm by Keap1. However, oxidative stress or electrophilic agents can disrupt the Nrf2/Keap1 complex and facilitate its translocation into the nucleus, where it enhances the transcription of ARE-driven genes, including the γ-GCS and HO-1 genes (6, 31) . Recently, two mechanisms for activation of the Nrf2-ARE pathway by isothiocyanates including sulforaphane have been proposed. One is structural change of Keap1 due to the modification of specific cysteine residues caused by the binding of sulforaphane (32) . The other is the phosphorylation of Nrf2 by ERK2, a mitogen-activated protein kinase, activated by sulforaphane (33) . With either mechanism, the translocation of Nrf2 into the nucleus is important to induce the activation of the Nrf2-ARE pathway.
To clarify the neuroprotective mechanisms of isothiocyanates, we first focused on intracellular glutathione levels. Glutathione is important for cellular defense against ROS as an anti-oxidant in mammalian cells. It has been reported that the expression of γ-GCS, a limiting-enzyme in glutathione synthesis, was increased by the binding of Nrf2 to ARE (5, 20) . Therefore, we examined the effect of isothiocyanates on the expression of γ-GCS and amount of glutathione in striatal cultures. Sulforaphane and 6-HITC increased the level of γ-GCS at 12 h in a concentration-dependent manner (Fig. 4A) . Moreover, they increased significantly the total amount of intracellular glutathione after 24 h. As shown in Fig.  5 , GSH and NAC, a precursor of glutathione synthesis, significantly prevented H 2 O 2 -and paraquat-induced cell death in a concentration-dependent manner. Furthermore, co-treatment with BSO, an irreversible inhibitor of γ-GCS, and isothiocyanates suppressed the protection of sulforapane and 6-HITC. These results suggested that an elevation of the intracellular glutathione levels plays a pivotal role in the cytoprotective effect of isothiocyanates.
In addition to increasing glutathione content, sulforaphane and 6-HITC enhanced the expression of HO-1, which peaked about 12 h after treatment (Fig. 6: A, B) . HO-1, part of the heme oxygenase family, mediates heme catabolism in a wide range of species (24) . Under normal conditions, HO-1 is barely detectable in the brain. However, immunoreactivity to HO-1 is increased in neurons and astrocytes in various neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease (34) . Several lines of evidence have indicated that transcriptional induction of HO-1 is also regulated by ARE (24 -26) . As shown in Fig. 6 : C, D, the induction of HO-1 expression was attenuated by simultaneous treatment with cycloheximide, which inhibits de novo protein synthesis. These results suggested that isothiocyanates would increase the expression of HO-1 through de novo synthesis via the Nrf2-ARE pathway.
It is reported that HO-1 has protective effects against oxidative stress such as H 2 O 2 (25, 35) . We examined the involvement of HO-1 in the protection provided by isothiocyanates. HO-1 catalyzes degradation of heme to yield biliverdin, free iron and carbon monoxide. Biliverdin is subsequently converted to bilirubin through the actions of biliverdin reductase (24) . Bilirubin serves as a potent radical scavenger and protects against oxidative stress at nanomolar concentrations (26, 27) . Unexpectedly, Zn-PP IX, a competitive inhibitor of HO-1, did not influence the protective effect of sulforaphane-and 6-HITC on paraquat-induced cytotoxicity. Furthermore, pretreatment with bilirubin had no effect on the cytotoxicity caused by H 2 O 2 and paraquat. These findings suggested that it would be important for cytoprotection by isothiocaynates to elevate the amount of intracellular glutathione rather than to increase the expression of HO-1.
In the present study, we observed several differences in effect between sulforaphane and 6-HITC, including: a) the time taken to translocate Nrf2 into the nucleus, b) the intensity of γ-GCS expression, and c) the duration of HO-1 expression. Moreover, 6-HITC was more potent than sulforaphane in inducing expression of γ-GCS and HO-1. Previous structure-activity studies have shown that 6-HITC induced greater activation of the Nrf2-ARE pathway than sulforaphane (8, 36) . However, we could find no difference in the cytoprotective effect between sulforaphane and 6-HITC (Fig. 2) . As a reason for these results, we consider that there was no difference in the effect on the intracellular glutathione content, which plays a pivotal role in the cytoprotection of isothiocyanates, between sulforaphane and 6-HITC.
In conclusion, we demonstrated that sulforaphane and 6-HITC, naturally occurring isothiocyanates, activated the intracellular antioxidant defense system through the Nrf2-ARE pathway and provided protection against the cytotoxicity induced by oxidative stress in CNS neurons. As oxidative stress is implicated in the etiology of many neurodegenerative disorders, isothiocyanates may be a potential tool for the prevention and treatment of such diseases.
